Beilstein Journal 




of Organic Chemistry 



Syntheses and applications of furanyl-functionalised 

2,2':6',2"-terpyridines 

Jerome Husson* and Michael Knorr 



Review 



Open Access 



Address: 

Institut UTINAM UMR CNRS 6213, Universite de Franche-Comte, 
Faculte des Sciences et des Techniques, 16 Route de Gray, 25030 
Besangon, France; Tel.: +33-3-81676291, Fax: +33-3-81676738 

Email: 

Jerome Husson* -jerome.husson@univ-fcomte.fr 

* Corresponding author 

Keywords: 

chelate complexes; furan; heterocycles; oligopyridines; terpyridine 



Beilstein J. Org. Chem. 2012, 8, 379-389. 
doi:10.3762/bjoc.8.41 

Received: 18 November 2011 
Accepted: 27 February 2012 
Published: 12 March 2012 

Associate Editor: P. J. Skabara 

©2012 Husson and Knorr; licensee Beilstein-lnstitut. 
License and terms: see end of document. 



Abstract 

Different synthetic routes leading to terpyridines functionalised with furan heterocycles are reviewed. The methodologies used to 
prepare such compounds include the ring closure of 1,5-diketones and cross-coupling reactions. These versatile terpyridines and 
their derived metal complexes find applications in various fields including coordination chemistry, medicinal chemistry and ma- 
terial sciences. 



Introduction 

Since their discovery [1,2] in the 1930s, 2,2':6 , ,2"-terpyridines 
(tpy) (Figure 1) have attracted widespread attention because of 
their excellent complexing properties as N-donor ligands 
toward numerous main-group, transition-metal and lanthanide 
cations [3]. 

Coordination compounds L„M(tpy) m (n = 0-4; m = 1,2) ligated 
with terpyridine derivatives form stable assemblies due to the 
thermodynamic chelate effect. In the case of transition metal 
complexes, the a-donor/71-acceptor character of the dative 
M-Npyndine bond contributes additionally to the stability of the 
resulting complexes. As a consequence, an impressive number 
of complexes have been prepared by varying the nature of the 
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Figure 1: Structure and atomic numbering of 2,2':6',2"-terpyridines. 



metal and by introducing various substituents onto the tpy part. 
A survey of the Cambridge Structural Database reveals that 
more than 600 complexes have been structurally characterised, 
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with the number rapidly growing. Because of all these interest- 
ing features and properties, these compounds find widespread 
applications in biomedical sciences [4,5], for photovoltaic 
applications [6,7], as catalysts [8], etc. 

On the other hand, five-membered heterocycles such as furan, 
pyrrole, selenophene, tellurophene or thiophene possess 
interesting features such as the capability to undergo chemical 
and electrochemical oxidation to afford polymers. These poly- 
meric materials generally exhibit photophysical properties, 
making them interesting in materials science [9-12]. Finally, the 
rich chemistry associated with five-membered heterocycles 
easily allows various chemical modifications. In this respect, 
the attachment of such heterocycles, directly or through a 
linker, to a tpy system appears very interesting, since combining 
the intrinsic properties of the two heteroaromatics should allow 
both the preparation of original molecular compounds and the 
conception of advanced (polymeric) materials featuring novel 
properties. We have recently reviewed this concept for thienyl- 
functionalised terpyridines [13]. In contrast to the huge number 
of compounds of the latter type, furan-functionalised tpys have 
been studied to a lesser extend. Nevertheless, we feel that the 
interesting chemistry and potential of their furanyl-function- 
alised counterparts deserves to be highlighted. This minireview 
describes the state of the art concerning preparation and appli- 
cations of such terpyridines bearing a furanyl ring. 

Review 

Synthesis by ring closure of 1,5-d ike tones 

In 1976, Krohnke introduced a synthetic methodology to 
prepare pyridine derivatives that relies on the ring closure of 



1,5-diketo-derivatives [14]. This strategy was also successfully 
applied to the preparation of some furanyl-substituted 
terpyridines. The synthetic sequence starts from furanyl alde- 
hydes 1-3 and 2-acetylpyridine (4). The first step is a base- 
mediated aldol-condensation that yields the a,P unsaturated 
ketones 5-7. Reacting these with pyridinium salt 8 afforded 1,5- 
diketo-derivatives 9-11 through Michael addition. These 
derivatives are generally not isolated, but undergo in situ ring 
closure performed in the presence of an ammonia source, such 
as ammonium acetate, leading to terpyridines 12-14 (Scheme 1) 
[4,15]. 

In the context of a more environmentally friendly and "greener" 
chemistry, an adaptation of this well-established method was 
proposed with the aim of reducing the solvent use [16-18]. 
Namely, two equivalents of neat 2-acetylpyridine (4) were 
reacted with one equivalent of an aldehyde in the presence of 
sodium hydroxide without solvent, thus yielding 1,5-diketo- 
derivatives. Ring closure was then carried out in methanol in 
the presence of ammonium acetate, according to Scheme 2. In 
addition to reducing the amount of solvent , this one-pot two- 
steps procedure avoids preparation of pyridinium salt 8. Unfor- 
tunately, when applied to the synthesis of furanyl-substituted 
tpy 12, this method leads to irreproducible results [19]. Even 
turning to barium hydroxide as a base (which is known to 
favour Michael additions [20]) did not improve the course of 
the reaction in a substantial manner. Therefore, basic alumina 
[19,21] was tested, since it is known to be an efficient promoter 
of aldol condensations and Michael additions under solvent- free 
conditions [22,23]. Nevertheless, the treatment of furanyl- 
substituted aldehydes 1, 3 and 15 did not yield the targeted 
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Scheme 1: Synthesis of furanyl-substituted terpyridines 12-14 by using Krohnke's method. 
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diketo-intermediates, but instead the chalcones 5, 7 and 16. The 
subsequent reaction of these with 8 afforded tpys 12, 14, and 17 
in 51%, 4% and 7% yield, respectively (Scheme 2). 



tionalised 2-acetylpyridine derivative 18 and furfuraldehyde (1). 
Since the reaction is performed in a basic medium, terpyridine 
formation is accompanied by ester hydrolysis. 



This "alumina" pathway not only offers better reproducibility 
but also allows access to tpys 14 and 17 (albeit in low yield) 
that could not be obtained by using sodium hydroxide or barium 
hydroxide. More recently, another one-pot two-steps procedure 
using the environmentally benign solvent ethanol was described 
[24]. The reaction is based on the same mechanism as the 
solvent-free synthesis described above, but provides better 
yields. This protocol was recently used to prepare the 4,4',4"- 
trisubstituted terpyridine 19 (Scheme 3), which bears two 
carboxylate groups at positions 4 and 4" and a furanyl ring on 
position 4' [25]. The synthesis involves the use of ester-func- 



It is interesting to note that Krohnke's methodology was also 
applied to the synthesis of a furanyl- substituted quinquepyri- 
dine, which can be considered as a terpyridine bearing two add- 
itional pyridine rings [26]. The synthesis starts with 6-carboxy- 
2-acetylpyridine (20), which is reacted with furfural (1), thus 
providing chalcone 21. This is then reacted with di-pyridinium 
salt 22 in the presence of ammonium acetate to afford quin- 
quepyridine 23 (Scheme 4). 

Another possibility to access the key intermediate "1,5-dike- 
tone" is through the use of iminium salts as aldehyde equiva- 
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Scheme 3: Preparation of 4,4',4"-trisubstituted terpyridine containing carboxylate moieties. 
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1) KOH, MeOH, reflux 
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AcONH 4 , MeOH, reflux, 16 h 
53% 
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Scheme 4: Synthetic pathway for the preparation of a furanyl-functionalised quinquepyridine. 



lents [27]. For example, terpyridine 27 was obtained from the 
condensation of keto-pyridine 24 with salt 25. The reaction 
proceeds via diketo-intermediate 26, which is transformed to 27 
in the presence of ammonium acetate (Scheme 5) [28]. 

It is interesting to note that this cyclisation can lead to the for- 
mation of two different isomers [29,30], namely U- and 
S-shaped terpyridines 27, 28 (Figure 2). The ratio between both 
isomers is solvent dependent (Table 1). 

In all of the above-mentioned examples, symmetric terpyridines 
were prepared. Nevertheless, it was demonstrated that also 
asymmetric tpys are accessible via the 1,5-diketone pathway 
[31]. Michael addition of ethyl picolinoylacetate 29 to chalcone 
30 affords diketone 31 in 60% yield. Reaction with ammonium 
acetate to effect ring closure did not yield a terpyridine, but 
instead dihydropyridine 32. The latter undergoes aromatization 
upon reaction with benzoquinone to afford 33 (Scheme 6). 





U-shaped isomer 27 S-shaped isomer 28 

Figure 2: Chemical structure of U- and S-shaped isomers. 

Table 1: Influence of solvent on U/S ratio. 

Solvent Ratio (U/S) 



CH 3 CN 
DMSO 



79/21 
100/0 




AcONH 4 
DMSO 
120 °C, 16 h^ 

73% 





Scheme 5: Utilization of an iminium salt in the preparation of a furanyl-substituted tpy. 
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Et0 2 C v 



32 



benzoquinone 
CH2CI2 

rt, 5 min 
77% 



Et0 2 C 




Scheme 6: Preparation of an asymmetric furanyl-substituted terpyridine. 



Synthesis by cross-coupling reaction 

Cross-coupling reactions are widely used in organic chemistry 
[32] to create new C-C bonds. The importance of this tech- 
nique was recently highlighted by the award of the 2010 Nobel 
Prize in Chemistry to Heck, Negishi and Suzuki for their contri- 
butions to the development of these reactions. Despite their 
widespread utilization in organic chemistry, cross-coupling 
reactions have been used rarely for the preparation of furanyl- 
substituted tpy. The only known literature example for this 
purpose uses the Stille reaction [33]. This C-C coupling, which 
involves the reaction between a halogenated or equivalent 
starting material and an organotin compound, was used to 
prepare 12 from 4'-(trifluoromethanesulfonyl)-2,2'':6',2"- 
terpyridine (34) [34] and 2-tributylstannylfuran (35) in the pres- 
ence of Pd(PPh 3 )4 as catalyst, according to Scheme 7 [15]. 

Chemical reactivity of furanyl-functionalised 
tpys: preparation of carboxylate derivatives 

The principal application of furanyl-substituted terpyridines is 
their use as precursors for carboxylic acid-functionalised tpys. 
In fact, the furan ring can readily undergo oxidative cleavage 



under various conditions, thus providing an interesting route to 
carboxylates [35]. In the case of tpys, oxidation of the furanyl 
ring was performed by using potassium permanganate in a basic 
reaction medium, followed by acidification to recover the acids. 
This methodology allowed the preparation of compounds 36-38 
(Scheme 8) [25,31,36-42]. 

It is interesting to note that this procedure can be applied to the 
free ligand, but also directly on bis(terpyridine) Ru(II) 
complexes without degradation of the chelate cycles [43-47] 
(Scheme 9, Table 2). A series of carboxylic acid-functionalised 
complexes 44-48 was thus obtained from furanyl-function- 
alised complexes 39-43 using this methodology. 

This "furan" route to carboxylic acid functionalised 
terpyridines, and their corresponding complexes, presents 
several advantages for the preparation of tpy-COOH compared 
to other methods [48-50]. In particular, the starting materials are 
easily available, the experimental protocol is very simple, yields 
are improved and purification is better facilitated compared to 
other methods. 



OS0 2 CF 3 




U 35 



cat. Pd(PPh 3 ) 4 

Et 3 N, DMF 
90 °C, 1 h, 88% 




Scheme 7: Synthesis of tpy by Stille cross-coupling reaction. 
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12: 
19: 
33: 



R = H; R' = H 
R = H; R' = C0 2 ~ 
R = C0 2 Et; R' = H 



1) KMn0 4 , KOH 
H 2 0, reflux or rt 

2) H + 



COOH 




36 
37 
38 



r = H; R' = H 68% 

R = H; R' = COOH 93% 

R = COOH;R' = H 68% 




39-43 



1) KMn0 4 
CH 3 CN/H 2 0 
pH 13 



2) H + 



HOOC 




44-48 



Scheme 9: Direct oxidation of a furan ring attached on Ru(ll) tpy 



Table 2: Complexes obtained by direct oxidation of furanyl-function- 
alised tpys. 



Starting materials 



Final products 



Yield 



Compound 


R 1 = 


Compound 


R 2 = 




39 


H 


44 


H 


20% 


40 


OCH3 


45 


OCH3 


68% 


41 


2-thienyl 


46 


2-thienyl 


51% 


42 


3-thienyl 


47 


3-thienyl 


64% 


43 


2-furanyl 


48 


COOH 


48% 



The importance of the "furyl" route to carboxylic acid-function- 
alised tpys and tpys-complexes is highlighted by the fact that 
such compounds have found applications in various domains. 
For instance, tpy-based materials whose synthesis includes oxi- 
dation of a furan ring during their preparation, have been used 
as light-harvesting materials [36,42,45-47,51,52], as chemosen- 
sors [37], in supramolecular assemblies [38,39,44], as a photo- 
catalyst for H2 generation [40,53] or for the preparation of 
hybrid materials, such as functionalised polyoxometalates as 
depicted in Figure 3 [41]. 

Utilization of furanyl-substituted terpyridines 
in biomedical sciences 

Furanyl-terpyridines were probed in biomedical sciences as 
cytotoxic molecules. Compounds 12 and 13 were tested as anti- 
cancer agents against seven different cell lines [4]. Their activi- 
ties were compared to that of doxorubicin, which is a currently 
used anticancer agent. Additionally, their cytotoxicity against 
normal cells was evaluated (Table 3). 

As can be seen from Table 3, these furanyl-functionalised 
terpyridines display, in many cases, better cytotoxicity than 
doxorubicin. Unfortunately, they are also more toxic toward 
normal cells (RPTEC). Note that, to date, the exact molecular 
mechanism of physiological action for these compounds has not 
yet been clearly elucidated. 

Terpyridines 12 and 14 were also used as starting materials for 
the preparation of chelating agents and complexes with the aim 
of making fluorescent labels for biomolecules [15]. The syn- 
thetic pathway begins with the preparation of A^V-dioxides 49 
and 50 upon reaction with MCPBA. Treatment with 
trimethylsilyl cyanide allowed the introduction of a cyano group 
at the a-position with respect to the N-atoms, thus yielding the 
bis(nitrile) compounds 51 and 52. The cyano group was then 
converted to an amine function by reduction with BH3. Subse- 
quent treatment with tert-buty\ bromoacetate afforded amino 
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Figure 3: Example of polyoxometalate frameworks functionalised with tpy ligands and tpy-complex (reprinted with permission from [41], copyright 
(201 1) American Chemical Society). 



Table 3: GI50 (|jg/ml) for terpyridines 12 and 13 compared to doxorubicin. Cytotoxicities higher than the reference are highlighted in bold font. 



Cell line 


Doxorubicin 


12 


13 


A-498 (Human kidney 


6.4 x 10" 3 


6.4 x 10" 5 


3.2 x 10" 5 


carcinoma) 








PC-3 (Human prostate 


2.9 x 10" 2 


2.5 x1(T 3 


4.4 x 10" 3 


adenocarcinoma) 








HT-29 (Human colon 


4.6 x 10" 3 


2.4 x 10" 3 


2.6 x 10" 3 


adenocarcinoma) 








A- 549 (Human lung 


9.2 x 10" 2 


2.2 x 10" 1 


8.0 x 10" 2 


carcinoma) 








HCT-15 (Human colon 


7.1 x 1(T 2 


1.0 x 10" 1 


6.0 x 10" 2 


adenocarcinoma) 








SK-OV-3 (Human ovary 


7.3 x 10" 2 


1.3 x 10" 1 


6.0 x 10" 1 


adenocarcinoma) 








SK-MEL-2 (Human malignant 


5.9 x 1(T 2 


9.9 


3.3 x 10" 1 


melanoma) 








RPTEC (Renal proximal tubule 


7.2 x 10" 2 


4.1 x 10" 3 


5.8 x 10" 3 


epithelial cells) 
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1) BH 3 , THF 
it, 16 h 

2) f-BuOCOCH 2 Br 
DIPEA, Kl, DMF 
rt, 16 h 



12: R = H 
14: R = Br 



49: R = H 50% 
50: R = Br 78% 



CN 

51: R = H 33% 

52: R = Br; no yield reported 




for R = H 
TFA 

rt, 4 h 

86% 




R 1 

53:R = H;R 1 = C0 2 f-Bu 29% 
54: R = Br; R 1 = C0 2 f-Bu 54% 



Scheme 10: Synthetic pathway to europium(lll) and samarium(lll) chelates 56 and 57. 




56: R = H; R 1 = C0 2 " ;0=Eu 3+ 
57: R = H; R 1 = C0 2 " ;0 = Sm 3+ 



esters 53 and 54. Ester groups of compound 53 were then 
hydrolyzed to the free acids to afford 55. The latter was then 
reacted with europium(III) or samarium(III) chlorides to 
provide lanthanide complexes 56 and 57 (Scheme 10). 

The bromo-derivative 54 was further functionalised by cross- 
coupling reactions. Namely, the treatment of 54 with 
aminophenylacetylene in a Sonogashira reaction afforded 
terpyridine 58. The triple bond was then reduced by hydrogena- 
tion providing tpy 59, which features an alkyl spacer between 
the furanyl and phenyl ring. Cleavage of the pending ester 
moieties yielded polycarboxylic acid compound 60, which was 
reacted with EUCI3 leading to chelate complex 61. Finally, 
nucleophilic addition of the -NH2 groups of 61 to thiophos- 
gene yielded terpyridine complex 62, which bears a thio- 
cyanato group at the /wa-position (Scheme 11). 

Because of the presence of a thiocyanato moiety in its struc- 
tural motif and due to its fluorescence properties, compound 62 
could be used potentially as a labelling agent for biomolecules. 
In fact, reaction between the reactive electrophilic thiocyanato 



group and a nucleophilic residue present on the biomolecule 
(amine, thiol, for example) should allow anchorage of 62. 
Another approach that was envisioned for the linking of fluores- 
cent europium-terpyridine complexes to biomolecules is the use 
of click chemistry [54]. Again, 54 was used as a starting ma- 
terial and reacted with trimethylsilyl acetylene in a Sonogashira 
reaction. After deprotection of the trimethylsilyl moiety with 
tetrabutylammonium fluoride, terpyridine 63 was obtained. 
Reaction of the latter with 3-azidopropanol afforded the 
triazinyl-containing compound 64. Finally, the hydrolysis of the 
ester moieties followed by complexation to Eu(III) yielded the 
lanthanide complex 65 (Scheme 12). 

This synthetic sequence was used to demonstrate the possibility 
to prepare labelled oligonucleotides starting from azido-func- 
tionalised ones and alkynyl-containing terpyridines. In all the 
examples cited above, furanyl-functionalised terpyridines were 
selected because of their capability to absorb light and to 
transfer the excitation energy to the chelated lanthanide metal 
ion. This gives rise to a strong fluorescence, a feature which is 
required for labelling studies. 
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Scheme 11: Synthetic pathway to prepare thiocyanato-functionalised 
tpys as potential biomolecule-labelling agents. 



Miscellaneous utilization of furanyl-function- 
alised tpys 

Terpyridines fimctionalised with five-membered heterocycles, 
especially thiophene [13], and their derived complexes have 
proved to be interesting materials in the field of dye-sensitized 
solar cells (DSSC) [55]. Understanding in depth both the elec- 
trochemical and photophysical properties of such compounds is 
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66 \= 




Figure 4: Structure of pyrrolyl (66), thienyl (67) and bithienyl (68)-substituted complexes analogous to compound 43. PFq counter-anions are 
omitted. 



therefore of crucial importance. In this context, the octahedral 
Ru(II) complex 43 was studied and compared with analogous 
pyrrolyl, thienyl and bithienyl-substituted compounds 66-68 
(Figure 4) in order to obtain information about the influence of 
the pendant heterocycle on the physicochemical properties [56]. 

It appeared from this study that the bithienyl substituent has the 
most pronounced effect on the photophysical properties of this 
series of Ru complexes. Especially, 68 absorbs at a longer 
wavelength (Table 4), which constitutes an important require- 
ment for sensitizers to be used in DSSC [6]. 



Table 4: UV-vis 


and emission data for com 


Dlexes 43 and 66-68. 


Complex 


\nax,abs ( nm ) 


^max.em ( nm ) 


43 


500 


660 


66 


507 


665 


67 


499 


670 


68 


514 


710 



Conclusion 

This short review demonstrates that the combination of the 
furan heterocycle and the terpyridine ligand leads to a series of 
quite versatile functional molecules. The attached furan ring 
serves mainly as a precursor to carboxylic acid moieties with 
the final aim of preparing functionalised materials for applica- 
tion in devices, especially solar cells. Recent results obtained in 
this field with furan-containing molecules [57-59] demonstrate 
that the introduction of this heterocycle onto terpyridine is an 
interesting strategy. Additionally, furan-functionalised 
terpyridines revealed a potential utility in biomedical sciences. 
Owing to the rich chemistry associated with furan and pyridine 
rings, it is realistic to imagine the use of furanyl-functionalised 



terpyridines as a platform for further functionalisation to elabo- 
rate even more sophisticated compounds that may be useful in 
diverse domains. 

References 

1. Morgan, G. T.; Burstall, F. H. J. Chem. Soc. 1932, 20-30. 
doi:10.1039/jr9320000020 

2. Morgan, G. T.; Burstall, F. H. J. Chem. Soc. 1937, 1649-1655. 
doi:10.1039/jr9370001649 

3. Schubert, U. S.; Hofmeier, H.; Newkome, G. R. Modern Terpyridine 
Chemistry; Wiley VCH: Weinheim, Germany, 2006. 
doi:10.1002/3527608486 

4. Zhao, L.-X.; Kim, T. S.; Ahn, S.-H.; Kim, T.-H.; Kim, E.-K.; Cho, W.-J.; 
Choi, H.; Lee, C.-S.; Kim, J. A.; Jeong, T. C; Chang, C.-J.; Lee, E.-S. 
Bioorg. Med. Chem. Lett. 2001, 11, 2659-2662. 

doi: 1 0. 1 01 6/S0960-894X(01 )00531 -5 

5. Anthonysamy, A.; Balasubramanian, S.; Shanmugaiah, V.; 
Mathivanan, N. Dalton Trans. 2008, 2136-2143. doi:10.1039/b71601 1a 

6. Kalyanasundaram, K.; Gratzel, M. Coord. Chem. Rev. 1998, 177, 
347-41 4. doi: 1 0. 1 01 6/S001 0-8545(98)001 89-1 

7. Polo, A. S.; Itokazu, M. K.; Murakami, I. N. Y. Coord. Chem. Rev. 2004, 
248, 1343-1361. doi:10.1016/j.ccr.2004.04.013 

8. Chelucci, G.; Saba, A.; Vignola, D.; Solinas, C. Tetrahedron 2001, 57, 
1 099-1 1 04. doi: 1 0. 1 01 6/S0040-4020(00)01 082-6 

9. Roncali, J. Chem. Rev. 1992, 92, 711-738. doi:10.1021/cr00012a009 

10. Li, C; Bai, H.; Shi, G. Chem. Soc. Rev. 2009, 38, 2397-2409. 
doi:10.1039/b816681c 

1 1 . Et Taouil, A.; Lallemand, F.; Melot, J.-M.; Husson, J.; Hihn, J.-Y.; 
Lakard, B. Synth. Met. 2010, 160, 1073-1080. 

doi: 1 0. 1 01 6/j.synthmet.201 0.02.029 

12. Rhoden, C. R. B.; Zeni, G. Org. Biomol. Chem. 2011, 9, 1301-1313. 
doi:10.1039/c0ob00557f 

13. Husson, J.; Knorr, M. J. Heterocycl. Chem., in press. 
doi:10.1002/jhet.813 

14. Kr6hnke, F. Synthesis 1976, 1-24. doi: 10.1055/s-l 976-23941 

15. Hovinen, J.; Mukkala, V.-M.; Hakala, H.; Peuralahti, J. Novel chelating 
agents and chelates and their use. U.S. Patent 2005/0084451 A1, April 
21,2005. 



388 



Beilstein J. Org. Chem. 2012, 8, 379-389. 



16. Cave, G. W. V.; Raston, C. L. Chem. Commun. 2000, 22, 2199-2200. 
doi:10.1039/b007431o 

17. Cave, G. W. V.; Raston, C. L. J. Chem. Soc, Perkin Trans. 1 2001, 
3258-3264. doi:10.1039/B107302H 

18. Cave, G. W. V.; Raston, C. L; Scott, J. L. Chem. Commun. 2001, 21, 
2159-2169. doi:10.1039/b106677n 

19. Husson, J.; Migianu, E.; Beley, M.; Kirsch, G. Synthesis 2004, 
267-270. doi : 1 0. 1 055/S-2003-44385 

20. Garcfa-Raso, A.; Garcfa-Raso, J.; Campaner, B.; Mestres, R.; 
Sinisterra, J. V. Synthesis 1982, 1037-1041. 
doi:10.1055/s-1982-30055 

21. Etienne, S.; Beley, M. Inorg. Chem. Commun. 2006, 9, 68-71. 
doi:10.1016/j.inoche.2005.10.004 

22. Varma, R. S.; Kabalka, G. W.; Evans, L. T.; Pagni, R. M. 

Synth. Commun. 1985, 15, 279-284. doi: 10. 1080/0039791 8508063800 

23. Ranu, B. C; Bhar, S. Tetrahedron 1992, 48, 1327-1332. 
doi: 1 0. 1 01 6/S0040-4020(01 )90794-X 

24. Wang, J.; Hanan, G. S. Synlett 2005, 1251-1254. 
doi:10.1055/s-2005-868481 

25. Dehaudt, J.; Husson, J.; Guyard, L. Green Chem. 2011, 13, 
3337-3340. doi : 1 0. 1 039/c1 gd 5808b 

26. Toner, J. L. Fluorescent labels. EP 0288256 A2, Oct 26, 1988. 

27. Westerwelle, U.; Risch, N. Tetrahedron Lett. 1993, 34, 1775-1778. 
doi: 1 0. 1 01 6/S0040-4039(00)60776-1 

28. Kelly, T. R.; Lebedev, R. L. J. Org. Chem. 2002, 67, 2197-2205. 
doi:10.1021/jo016250v 

29.Sielemann, D.; Winter, A.; Florke, U.; Risch, N. Org. Biomol. Chem. 
2004, 2, 863-868. doi:10.1039/b316633c 

30. Keuper, R.; Risch, N.; Florke, U.; Haupt, H.-J. Liebigs Ann. 1996, 
705-71 5. doi: 1 0. 1 002/jlac. 1 9961 996051 1 

31. Raboin, J.-C; Kirsch, G.; Beley, M. J. Heterocycl. Chem. 2000, 37, 
1 077-1 080. doi: 1 0. 1 002/jhet.5570370509 

32. Cross-coupling reaction. A practical guide. In Topics in Current 
Chemistry; Miyaura, N., Ed.; Springer Verlag: Berlin, Germany, 2002. 
doi:10.1007/3-540-45313-X 

33. Espinet, P.; Echavarren, A. M. Angew. Chem., Int. Ed. 2004, 43, 
4704-4734. doi:10.1002/anie.200300638 

34. Potts, K. T.; Konwar, D. J. Org. Chem. 1991, 56, 4815-4816. 
doi:10.1021/jo00015a050 

35. Merino, P.; Tejero, T.; Delso, J. I.; Matute, R. Curr. Org. Chem. 2007, 
11, 1076-1091. doi:10.2174/138527207781369245 

36. Wolpher, H.; Sinha, S.; Pan, J.; Johansson, A.; Lundqvist, M. J.; 
Persson, P.; Lomoth, R.; Bergquist, J.; Sun, L; Sundstrom, V.; 
Akermark, B.; Polfvka, T. Inorg. Chem. 2007, 46, 638-651. 
doi:10.1021/ic060858a 

37. Luo, H.-Y.; Jiang, J.-H.; Zhang, X.-B.; Li, C.-Y.; Shen, G.-L; Yu, R.-Q. 
Talanta2007, 72, 575-581. doi: 10. 101 6/j.talanta.2006.1 1.028 

38. Cooke, M. W.; Tremblay, P.; Hanan, G. S. Inorg. Chim. Acta 2008, 
361, 2259-2269. doi:10.1016/j.ica.2007.1 1.032 

39. Cooke, M. W.; Santoni, M.-P.; Hanan, G. S.; Loiseau, F.; Proust, A.; 
Hasenknopf, B. Inorg. Chem. 2008, 47, 6112-6114. 
doi:10.1021/ic8003678 

40. Jarosz, P.; Du, P.; Schneider, J.; Lee, S.-H.; McCamant, D.; 
Eisenberg, R. Inorg. Chem. 2009, 48, 9653-9663. 
doi:10.1021/ic9001913 

41. Santoni, M. P.; Pal, A. K.; Hanan, G. S.; Proust, A.; Hasenknopf, B. 
Inorg. Chem. 2011, 50, 6737-6745. doi:10.1021/ic200752v 

42.Shinpuku, Y.; Inui, F.; Nakai, M.; Nakabayashi, Y. 

J. Photochem. Photobiol., A: Chem. 2011, 222, 203-209. 
doi:10.1016/j.jphotochem.201 1.05.023 



43. Husson, J.; Beley, M.; Kirsch, G. Tetrahedron Lett. 2003, 44, 
1 767-1 770. doi: 1 0. 1 01 6/S0040-4039(03)001 23-0 

44. Constable, E. C; Dunphy, E. L.; Housecraft, C. E.; Neuburger, M.; 
Schaffner, S.; Schaper, F.; Batten, S. R. Dalton Trans. 2007, 
4323-4332. doi:10.1039/b709557k 

45. Duprez, V.; Biancardo, M.; Krebs, F. C. Sol. Energy Mater. Sol. Cells 
2007, 91, 230-237. doi:10.1016/j.solmat.2006.08.007 

46. Koivisto, B. D.; Robson, K. C. D.; Berlinguette, C. P. Inorg. Chem. 
2009, 48, 9644-9652. doi:10.1021/ic9007137 

47. Caramori, S.; Husson, J.; Beley, M.; Bignozzi, C. A.; Argazzi, R.; 
Gros, P. C. Chem.-Eur. J. 2010, 16, 2611-2618. 
doi:10.1002/chem.200902761 

48. Fallahpour, R. A. Synthesis 2000, 1138-1142. 
doi:10.1055/s-2000-6331 

49. El-Ghayoury, A.; Ziessel, R. J. Org. Chem. 2000, 65, 7757-7763. 
doi:10.1021/jo000635g 

50. Heller, M.; Schubert, U. S. J. Org. Chem. 2002, 67, 8269-8272. 
doi:10.1021/jo0260600 

51 . Beley, M.; Bignozzi, C. A.; Kirsch, G.; Alebbi, M.; Raboin, J.-C. 
Inorg. Chim. Acta 2001, 318, 197-200. 

doi: 1 0. 1 01 6/S0020-1 693(01 )0041 8-2 

52. Berlinguette, C. P.; Koivisto, B.; Robson, K. Cyclometalated dye 
complexes and their use in dye-sensitized solar cells. WO 

201 1/032269 A1 , March 24, 201 1 . 

53. Cooke, M. W.; Santoni, M.-P.; Hanan, G. S.; Proust, A.; Hasenknopf, B. 
Dalton Trans. 2009, 3671-3673. doi:10.1039/b90401 1k 

54. Hovinen, J. Metal chelates and chelating agents containing triazolyl 
subunits. WO 2008/025886 A1, March 6, 2008. 

55. Kalyanasundaram, K. Dye-sensitized solar cells; CRC Press: Boca 
Raton, USA, 2010. 

56. Beley, M.; Delabouglise, D.; Houppy, G.; Husson, J.; Petit, J. -P. 
Inorg. Chim. Acta 2005, 358, 3075-3083. 
doi:10.1016/j.ica.2005.04.012 

57. Lin, J. T.; Chen, P.-C; Yen, Y.-S.; Hsu, Y.-C; Chou, H.-H.; 

Yeh, M.-C. P. Org. Lett. 2009, 11, 97-100. doi:10.1021/ol8025236 

58. Lv, X.; Wang, F.; Li, Y. ACS Appl. Mater. Interfaces 2010, 2, 
1980-1986. doi:10.1021/am100285z 

59. Woo, C. H.; Beaujuge, P. M.; Holcombe, T. W.; Lee, O. P.; 
Frechet, J. M. J. J. Am. Chem. Soc. 2010, 132, 15547-15549. 
doi:10.1021/ja108115y 



License and Terms 

This is an Open Access article under the terms of the 
Creative Commons Attribution License 
( http ://creativecommons. org/licenses/by/2 . 0 ), which 
permits unrestricted use, distribution, and reproduction in 
any medium, provided the original work is properly cited. 

The license is subject to the Beilstein Journal of Organic 

Chemistry terms and conditions: 

( http ://www.beilstein-| ournals.org/bj oc ) 

The definitive version of this article is the electronic one 

which can be found at: 

doi:10.3762/bjoc.8.41 



389 



